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Samarium hexaboride is an anomaly, having many exotic and seemingly mutually incompatible properties.
It was proposed to be a mixed-valent semiconductor, and later a topological Kondo insulator, and yet has
a Fermi surface despite being an insulator. We propose a new and unified understanding of SmB6 centered
on the hitherto unrecognized dynamical bonding effect: the coexistence of two Sm-B bonding modes within
SmB6, corresponding to different oxidation states of the Sm. The mixed valency arises in SmB6 from ther-
mal population of these distinct minima enabled by motion of B. Our model simultaneously explains the
thermal valence fluctuations, appearance of magnetic Fermi surface, excess entropy at low temperatures,
pressure-induced phase transitions, and related features in Raman spectra and their unexpected dependence
on temperature and boron isotope.
INTRODUCTION
Samarium hexaboride (SmB6) is a famously confus-
ing solid, having attracted constant attention since its
characterization.1 Nearly fifty years later, the ground
state of SmB6 remains unresolved.
2,3 SmB6 as a Kondo
insulator is an intuitive thought: a three-band model pre-
dicts that the localized f -orbital peak at the Fermi level
will hybridize with the d -orbitals and open a gap, making
an insulator. This would normally preclude the existence
of a Fermi surface and thus remove any quantum oscilla-
tions, a signature of Landau quantization of a Fermi sur-
face in a magnetic field. However, SmB6 displays quan-
tum oscillations.4–8 While a 2D Fermi surface can be a
result of the presence of topological surface states,7 a 3D
Fermi surface9,10 is in contradiction with apparently in-
sulating properties of the material. Many theories point
to a topological type Kondo insulator allowing conduc-
tion only on the surface states, and some also point to
composite particle excitons,11 and even call SmB6 a Ma-
jorana Fermion sea.12,13 Other phenomena in SmB6 are
a resistivity plateau,14 and an anomalous peak in the
specific heat,15 at T ∼ 20 K.
The central enigmatic property of SmB6 is its ho-
mogeneous mixed valency. The lattice of SmB6 is cu-
bic, but spectroscopic studies reveal two distinct oxida-
tion states, Sm2+ and Sm3+ without an intermediate
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Sm2.5+ state. In contrast to other mixed-valence com-
pounds, SmB6 does not show charge order. The ratio
between the two valencies responds to T and p.16,17 The
average valency increases rapidly from around +2.5 at
0 K to a plateau at +2.6 above 100 K. This raises a
chemical question: what type of mixed valency is the
solid? The traditional Robin-Day scheme defines Types
I-III mixed valency, corresponding to weak, medium,
and strong couplings between two electronic states (e.g.
M2+M3+ and M3+M2+), respectively.18 However, the T-
dependence puts in question how much the mixed va-
lency in SmB6 conforms to these known schemes. For
some rare-earth and actinide compounds, valence insta-
bilities and transitions with T, p, and composition, are
documented,19 and described mainly through band mod-
els, which consider valence transitions between a local-
ized f -state and a delocalized band state (neither being
precisely defined).20 The energy of the localized states
can rise in response to lattice compression, producing
pressure effects. A seemingly disconnected theory for
SmB6 states that the ratio between Sm
2+ and Sm3+ is
held constant by the stiff, non-interacting boron network
pressing against the hard sphere metal ions, while mixing
Sm2+ and Sm3+—cations of different radii—minimized
the lattice energy.1 The major assumption underlying
this description is the lack of electronic Sm-B interac-
tions. However, in other borides M-B interactions were
found to be prominent,21–23 and sensitive to mechani-
cal stress.24,25 Hence, there has never been a satisfying
microscopic theory explaining the origin of the mixed va-
lency in SmB6.
In this paper, we present a unifying dynamic bond-
ing model of SmB6, which readily explains its mixed va-
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2lency, valence fluctuations and changes with T and p,
and predicts many seemingly disparate properties such as
the peak in the heat capacity, and the Raman scattering
spectra associated with valency changes. We will build
the solid from the ground up, starting with molecular
clusters that reveal the key bonding elements present also
in the solid, as suggested by Hoffmann, Pauling, and sev-
eral followers.26–31 Then, we reconstruct the chemically
informed model of the full SmB6 solid. The approach is
necessitated by the intractably complex electronic struc-
ture of SmB6: strongly multireference, and relativistic.
32
These effects inevitably present a problem for DFT, re-
quiring the use of high level multi-reference and relativis-
tic methods. Nonetheless, the latter are restricted to a
few atoms, thus not being applicable to periodic systems
such as SmB6. Fortunately, we were able to construct
a minimal model that captures the essential interactions
in the real solid, for which the previous methodologies
are affordable. The key to our model is the unique and
dynamic bonding interactions between Sm and B.33
RESULTS AND DISCUSSION
First, we examine the structural motifs present in
SmB6 and identify the key bonding interactions. A mini-
mal cluster needn’t be stoichiometrically identical to the
solid; in fact the SmB−6 cluster has been studied theo-
retically and spectroscopically, and showed no structural
resemblance with the material.33 SmB6 has a cubic unit
cell with a B6 octahedron in the center; however, the
B-B distance between cells is shorter than within the oc-
tahedron, suggestive of B2 dimers. A plane-wave DFT
calculation on this geometry reveals that the electrons
are localized in-between the cells much more than in the
octahedron (Fig. S1). Thus, considering SmB6 as built
of Sm and B2 units brings us to SmB
+
2 as a minimal
cluster model. Notice that the positive charge mitigates
the undercoordinated environment of a gas phase cluster
compared to the crystal. This cluster is small enough
to explicitly calculate many-body and relativistic effects,
and to qualitatively inform about the bonding motifs pos-
sible in the solid.
Unexpectedly, the ground state potential energy sur-
face of SmB+2 has two nearly degenerate bonding min-
ima, one with the B-B bond length of 1.61 A˚ and the
Sm-B2 distance of 2.14 A˚, and the other with the B-B
bond length of 1.55 A˚ and the Sm-B2 distance of 2.25
A˚ (Figure 1). The energy difference between the min-
ima is only 4 meV, suggestive of easy interconversion on
short timescales. The two minima are predominantly 6A2
and 4A2 (see Figure 1A and Tables S1-S5 in Supporting
Information). The electronic transition between them is
achieved by nuclear motion, and enabled by strong nona-
diabatic coupling. Most of the orbitals in the active space
remain constantly occupied during the transition and in
the minima (see Figure 1B), and many correspond to Sm-
B bonds, directly contrasting the long-held presumption
FIG. 1. SmB+2 minimal cluster model. A: Ground state en-
ergy (black) and B2 bond length (red). Calculations were car-
ried out at the (8-SA-CASSCF(14,9)/MRCI + DKH6) level of
theory, and provided an energy difference between both min-
ima of 4 meV. This value is in agreement with that provided
by SO(8-SA-CASSCF(14,9)/NEVPT2 + DKH6). Additional
methodological details are provided in the Supporting Infor-
mation. B: The active space orbitals, and the occupations
for the two minima (geometries of the minima are shown in
the insets: B2 dimer at the center of the face in the cubic
lattice—blue, Sm closer to B2—red). The oxidation state of
Sm switches between the two minima. Electrons from the Sm–
B2 bonding orbitals (
3a1 and
1b1) shift to the pi(pz) bonding
states of B2 (
1a1). These orbitals are highighted in green.
of boron’s innocence. There is one crucial bonding differ-
ence between the minima: a significant shift of electrons
from 3a1 and
1b1 to
1a1 (highlighted in green in Figure
1), corresponding to one electron transfer from the co-
valent Sm-B2 orbitals to an isolated pi(pz) bond on B2.
As a result, bonding orbitals 3a1 and
1b1 lose about half
of an electron each, while the B2
1a1 orbital gains one
electron. According to our interpretation, the first min-
imum (short Sm–B2 distance) has a covalent character,
with Sm in the +2 oxidation state, and the second one
(longer Sm–B2) corresponds to a more ionic system, in
which Sm is in the +3 oxidation state, as evidenced by
the electron transference to the doubly occupied B-B 1a1
orbital. This way, whichever of these orbitals is occupied
will determine the oxidation state of Sm. Remarkably,
the previous assignment of oxidation states is supported
by the the analysis of the spin density. In particular,
the Mulliken spin density over Sm in the first minimum
(Sm2+) is +3.47, while for the second minimum (Sm3+)
it is +2.42; pointing towards the first minimum losing one
electron. This way, the small stretch and displacement
of the B2 causes the change of the electronic configura-
3tion and charge transfer. Notice that the difference in the
Sm–B2 distance between both minima is only 0.11 A˚, and
the difference in B-B distances is 0.06 A˚. The oxidation
state of Sm is thus controlled by motion of boron. In the
SmB6 solid, this motion is achieved through vibrations.
Explicitly computing the two states and the
vibronically-enabled transition between them in the solid
is not feasible, but we gather significant evidence that
the two minima are present. DFT provides a qualitative
agreement: upon an artificial deformation of the lattice
where B2 is displaced toward one of the Sm ions by 20%
of the equilibrium Sm–B2 distance, the B2 pi(pz) state
moves from the valence to the virtual manifold, as pre-
dicted by our cluster model (Fig. S2). The average va-
lence measured by Mo¨ssbauer is static over changes in
T, whereas X-ray absorption shows the increase of va-
lence with T.16 Our model resolves this discrepancy by
predicting a constant ratio of f -shell occupations (which
Mo¨ssbauer measures). Indeed, our minimal cluster model
shows the Sm(II) → Sm(III) transition as an electron
transference from Sm–B2 bonding orbitals to B2, enabled
by boron motion. Hence, we have strong initial indica-
tions that the solid SmB6 also has two distinct bonded
states available to every B2 with every Sm in the face of
the cube. Based on this two-state model, we now con-
struct the model of the full solid.
For the face of the cubic lattice, consisting of four Sm
atoms and one B2, we thus predict a 5-well system (Fig-
ure 2A), with four energy-degenerate wells where one out
of four Sm ions is in the +2 oxidation state (reduced)
and B2 is stretched and displaced toward this Sm, and a
non-degenerate central well (oxidized) where the B-B dis-
tance is slightly compressed, B2 holds an extra electron
in the bonding pi(pz)-orbital, and all Sm ions are in the
+3 oxidation state (oxidized). The relative energies and
geometries of these minima in the solid likely differ from
those in the cluster. The energy-displacement between
the minima presents three distinct possibilities for the
character of the mixed valent system (Figure 2A right).
First, the oxidized state can be lower in energy than the
reduced states, and this case results in a symmetric oxi-
dized ground state and thermal population of the reduced
states. Second, the oxidized state can be higher in en-
ergy than the reduced states but lower than the barrier
to interconversion between the states. This system would
undergo transitions between the reduced minima with
different Sm ions in the +2 state, and the ground state
would be symmetry-broken. Finally, the oxidized min-
imum can be higher in energy than the interconversion
barrier between the reduced wells. The mixed valency in
this case will not be affected by the oxidized state, and
it falls into one of the three Robin-Day schemes.
The free parameter in the model is the energetic split-
ting  between the reduced and oxidized minima. Instead
of directly using  from the cluster model, or calculating
it for the solid ab inito, we find it from fitting to exper-
iment, and then compare it with the value provided by
the cluster model (4 meV). Given that only one Sm in
every face of the cube can interact with B2, we can state
that, when B2 interacts with the Sm, the average oxida-
tion state of Sm in the solid will be +2.5, while when
B2 is non-interacting, the average oxidation state of Sm
will be in the +3. The dimensionality of the problem is
thus reduced to a set of cluster states embedded in the
solid. Using x-ray absorption average valency data as a
function of T,16 we performed a least-squares fit to the
functional form shown in Figure 2B, and found the en-
ergy splitting, , in the solid to be 5.2 meV. The reduced
minima appear lower in energy than the oxidized mini-
mum. Notice that this value is in quantitative agreement
with the energy difference between the ionic and covalent
minima found in the cluster model. The fitted degener-
acy of the reduced states, d, is 4.05 as expected for a
four-degenerate system (Figure 2B).
The model yields the following description of mixed va-
lence in SmB6: Below 10 K, the solid is almost entirely
in the ground state with an average valency of +2.5. The
B2 dimers hold no extra electrons, remain stretched, and
displaced toward one of the Sm, creating structural dis-
order in the boron sublattice. Between ca. 10 K and
100 K, the thermal excitations begin allowing B2 to exit
the reduced minima, now holding an extra electron, and
leaving Sm in the +3 oxidation state. Hence, valency
increases rapidly until beginning to taper off towards an
asymptotic average of +2.6.
Vibronic coupling thus appears to be the key to mixed
valency in SmB6. Evidence of the electron-phonon in-
teractions between the B-B stretch in the B2 dimers and
the electrons in Sm comes from Raman vibrational spec-
troscopy.
Guided by the model, we tested the dependence of Ra-
man spectra of SmB6 on the
10B/11B isotope substitu-
tion. Notice that the experimental details details are
provided in the SI. The spectra show a broad continuum
of excitations extending to frequencies above 200 meV,
with narrow features of phonons superimposed on it at
frequencies between approximately 80 and 175 meV (Fig-
ure 3A). The continuum is assigned to the excitations
between the bands of Sm, which develop a hybridiza-
tion gap at low temperatures.34 The phonons are Ra-
man active boron-motion related phonons, which shift
in frequency upon isotope substitution from 10B to 11B
as expected according to the regular dependence of fre-
quency on mass as ω ∼
√
m(11B)
m(10B)
. The line width of the
phonons that do not interact with electrons, Γ, is defined
by a natural width ΓN for pure isotopes, and ΓN + ΓD
for partial isotope substitution. ΓD depends on disorder
(Figure 3B), as demonstrated by the Eg and T1g phonons,
which show an increased width for samples with mixed
isotope content. The highest frequency A1g phonon is
an exception from this rule. It shows an asymmetric so-
called Fano shape [see SI], typical for phonons coupled to
an underlying continuum of interband excitations of elec-
trons of Sm.35 The constant width Γ of A1g for all levels
4FIG. 2. Model of SmB6 solid based on the dually accessible bonding states. A: top: one-dimensional three-well model displaying
the three classes of mixed valency that can occur with a variable central well height and their thermodynamic populations.
Bottom: two-dimensional analogues of the displacements and well types as they would be seen in the solid B: Least squares
two-level thermodynamic fit to the x-ray absorption mixed valency data. The two free parameters d and  are the degeneracy
of the side states and the energy splitting respectively. C: Fitting of the excess entropy to the toy model. The modes from
the rest of the solid are accounted for by scaling the profile of LaB6 and adding the additional peak on top. D: Demonstration
of a transition between mixed valency types induced by pressure calculated from x-ray data over different pressures. Note
the discontinuous jump of average Sm valence from +2.5 to +3 at 5 GPa signals a phase transition from symmetry broken to
symmetric mixed valency. We used the parameters calculated in section B.
of isotope substitution suggests that it is defined by the
electron-phonon coupling. This strong electron-phonon
interaction is in agreement with our model, where an in-
phase stretch of the B-B bonds in the B2 dimers (Figure
3D) is associated with Sm-B2 electronic interactions re-
sponsible for the lowering of the oxidation state of the
Sm.
Raman spectra of SmB6 also show a number of features
in the energy range of interest identified by our model
(Figure 4A): We observe two overlapping features at ca.
22 meV marked as F1 in Figure 4, one of which is a sharp
phonon-like (red circle), and the other is much broader
(black square). Lattice optical T1u phonons involving
movement of both boron and Sm are good candidates for
an excitation observed in this frequency range.36,37 This
assignment is confirmed by the boron isotope-dependent
frequency shift of the sharp feature. Indeed, while low
frequency of around 20 meV where the phonon is ob-
served is defined by the large mass of Sm atom, the
feature shifts by ca. 0.17 meV towards the higher fre-
quency upon replacement of 11B with 10B (Figure 4A).
This phonon modulates the distance between B2 and Sm
atoms, which within our model leads to valence fluctu-
ations. In the absence of electron-phonon coupling T1u
phonons are forbidden in Raman scattering of SmB6. Va-
lence fluctuations lead to relaxing of the selection rules,
and to an appearance of an additional broad excitation
which is associated with a local lattice deformation and
a transfer of an electron from Sm to B2.
While our model provides for the first time a detailed
microscopic description of the valence fluctuations phe-
nomena in SmB6, the general picture resonates with the
theory of exiton-polaron excitations developed in Ref. 37-
38. The A1g symmetry of the features at about 20 meV
(Figure 4D) is in agreement with the suggested sym-
metry of the valence fluctuations.37,38 Below 50 K the
linewidth of the narrow feature of the T1u phonon starts
to decrease, while the feature shifts to higher frequencies
(Figure 4C), evidencing that the system descends more
deeply in the reduced minima, away from the unharmonic
regime and strongest vibronic coupling. The behavior
follows the suggestion of our model, where the system
freezes at the bottom of the reduced minima at low T,
leading to the +2.5 average valency of Sm. On the other
hand, the mixed exiton-polaron excitation shows lower
bandwidth in the higher-temperature regime, when the
exciton-polaron is in a hopping regime and is suggested
to have longer life-time in each site.38
Hence, both theory and spectroscopy point at rich vi-
bronic behavior of SmB6. On the basis of this under-
standing, we now address the question of why SmB6 has
an anomalous peak in the specif heat at constant vol-
ume (CV ) at around 20 K.
15 Normally, one would expect
dS
dT
∣∣∣∣
V
, which is equal to CV /T, to decrease with T, as the
phonons gradually freeze out. The additional peak points
towards an unexplained energy scale in SmB6. From our
model, we derive the expression for the entropy and cal-
culate its maximum at 19.6 K—in agreement with exper-
iment (derivations presented in the SI). We interpret the
anomalous peak in entropy as follows: at low T, vibra-
tional entropy builds up from the motion of the B2 units
within the reduced minima; as T rises, B2 units unfreeze
from the reduced minima and gain a new vibrational
5FIG. 3. Electron-phonon coupling revealed by boron-motion-related phonons of SmB6 A: Raman scattering spectrum of
Sm11B6 in A1g + Eg symmetry. Phonons are superimposed on the continuum of interband excitations. A1g phonon shows an
asymmetric shape due to the interactions with the interband excitations. Inset shows phonon spectra of isotope substituted
SmB6 for A1g + Eg symmetry, shifted along Y axis for clarity; note the linear increase of frequency upon changing from
11B to
10B (plotted in B), and an increase of the width of the Eg and T2g phonons for partially substituted samples (plotted in C). D:
The A1g phonon of SmB6 following calculations presented in Ref. ( 36 ). Note that it involves in-phase stretching vibrations
of all B-B pairs.
FIG. 4. Raman spectra in the range between 12.4 and 30 meV where valence fluctuations-related feature (F1) is observed. A:
Spectra of SmB6 with fully pure
10B and 11B isotopes in A1g+Eg scattering channel at 20 K. Note that isotope shift is observed
for the feature related to optical phonon at about 22 meV, while position of spin exciton at 16 meV does not change. B-C:
SmB6 (natural isotope mix) A1g + Eg scattering channel, temperature dependence of the spectra and lines positions and width
for features related to valence fluctuations. Note that the broad exiton-polaron excitation broadens considerably on cooing
below 40 K, while the narrow phonon-related feature gets somewhat narrower. D: Comparison of A1g + Eg and T1g symmetry
spectra. Fitting curves for the lattice phonon and exciton-polaron excitations are shown for 15 and 70 K with black dashed
curves. Note that the features related to valence fluctuations are observed only in A1g.
freedom, the lattice changes symmetry, and the vibra-
tional partition function qualitatively changes its nature.
Here we obtain a second, and independent, method of
finding the energy splitting, , (Figure 2C, more details
are provided in the SI). Specifically, we find quantitative
agreement with the experiment for the excess entropy
when  = 8.25 meV, similar to the previous estimations,
with the difference likely arising from the simplicity of
the model.
The average valency in SmB6 also responds to the pres-
sure. With increasing p, it increases past what would be
allowed by thermal population, e.g. at 35 GPa the av-
erage valency approaches +3.17 Curiously, the average
valency never reaches +3 nor is it affected by a phase
transition from a non-magnetic to magnetic material at
5 GPa. Indeed, as Butch et all point out,17 this result
challenges prior explanations of intermediate valence in
SmB6 that do not predict the mixed valency remaining
stable at high pressure. Microscopically, pressure shrinks
the unit cell and thus crowds the Sm closer to the B2
units. From the cluster model, we see that the oxidized
Sm-B2 minimum is more easily compressed than the re-
duced minimum, with the force constants of 9.5 eVA˚−2
and 10.4 eVA˚−2, respectively. Hence, at rising p, the re-
duced minima rise in energy, eventually going above the
oxidized minimum, which becomes the new ground state,
leading to a phase transition.
In order to test this hypothesis, we calculate the energy
splitting  for each experimentally tested p, and found
that it decreases with added p. At 5 GPa the material
undergoes a first order phase transition from the system
where the central oxidized state mediates the transitions
between the reduced states through boron motion, to the
system where the oxidized state is lower in energy and
dominates, as evidenced by a discontinuity in the average
valency (Figure 2D). This lends an explanation to the ob-
served transition from non-magnetic to magnetic solid at
that pressure: the conducting and magnetic phase corre-
sponds to the oxidized state, where boron holds an extra
electron and thus a spin. This also provides an answer
for why below 5 GPa, the solid has a ground state aver-
age valency of +2.5 while above 5 GPa the solid has a
ground state average valency near +3. However, for any
T > 0 K, adding p will never cause the average valency
6to reach +3, due to thermal fluctuations and transient
visits of boron closer to Sm. It’s worth noting that at
kbT  the phase transition is indiscernible.
The two different Sm-B2 bonding modes lead to the re-
interpretation of the photoelectron spectrum of SmB6.
39
There are two sets of photodetachment peaks, at 0-1.5 eV
and 5-12 eV, traditionally assigned based on the atomic
spectra of Sm2+ and Sm3+, respectively. However, Sm
engages in covalent bonding with the B, and cannot be
viewed as an isolated ion. Since in the oxidized mini-
mum, Sm is +3, and B2 holds an electron, we computed
the vertical detachment energies (VDE) of B−2 (doublet)
to be 1.02 eV for the triplet final state, and 1.89 eV for
the singlet. These values fit the low-energy part of the
spectrum classically assigned to Sm2+ transitions. The
deeper peaks originate from the Sm-B2 cluster, which is
the quasi-isolated unit in SmB6 instead of Sm
2+/3+. The
two minima are close in energy, and both yield peaks in
the same energy range (Tables SVI, SVII). Hence, we pro-
pose that the Sm-B2 cluster with Sm in both oxidation
states contribute to the deeper peaks in the spectra.
Finally, we consider the outstanding problem of the
quantum oscillations in SmB6. Both 2D and 3D Fermi
surfaces were reported for this insulating solid, although
these conclusions are model-dependent and based on very
similar data.38,40 Currently, the origin of quantum oscil-
lations is understood as composite particles with zero
overall charge and a non-zero spin. From our model, we
propose a potential physical origin for this many-body ef-
fect: every Sm ion is in an electron-exchange relationship
with one B2 (we showed in a cluster model that every Sm
can sustain the tighter bonded state with only one B2 at
a time). The full stoichiometric unit is required, how-
ever, for the charge neutrality. The two possible minima
each have a different overall spin and each of these spin
states has 2s + 1 degenerate magnetic states. At finite
magnetic fields, the Zeeman splitting breaks the degen-
eracy of the magnetic states and state-state couplings
lead to avoided crossings. These non-linearities in state
energy as a function of magnetic field introduce deformi-
ties in the Helmholtz free energy and necessarily lead to
a non-monotonic magnetic susceptibility, explaining the
ambiguous magnetic Fermi surface (full discussion pre-
sented in SI).
CONCLUSION
In summary, we present a new paradigm for SmB6 in
which strong vibronic effects allow the coexistence of five
distinct bonding possibilities for each B2 unit connecting
the neighboring unit cells. Through this new model we
discovered a new class of mixed valency, distinct from the
Robin-Day scheme; rather than being dependent on cou-
plings of two reduced states, the mixed valency results
from the population of a third, central, oxidized state.
The existence of the extra states in the material, and the
vibronic coupling between them, enabled by the boron
motion, creates an additional, lower energy scale to the
solid, accounting for excess entropy and an unexplained
phase transition. Hand in hand, this model also suggests
that the solid has hidden aperiodicity within it; namely,
the B2 units are disordered within the cubic Sm lattice at
low T. This realization naturally leads to an explanation
of why symmetry forbidden peaks persistently appear in
Raman spectra of SmB6. We also propose these clus-
ter states to be the physical manifestations of theorized
composite particles responsible for the observed magnetic
Fermi surface.
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S1. PLANE WAVE DFT CALCULATIONS
FIG. S1. Left: The Electron Localization Function (ELF) of a crude DFT+U calculation. The
electrons are significantly more localized between unit cells in the B2 units than in the octahedron.
Right: The charge density of the same calculation demonstrating a potential bonding interaction
between a B2 and the Sm.
S2
FIG. S2. Artificial deformation displacing B2 toward one of the Sm ions by 20 % of the equilibrium
Sm-B2 distance. At the gamma point the B2 σ(pz) state goes from virtual to valence in agreement
with our cluster model.
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S2. COMPUTATIONAL METHODS
All the multi-reference calculations were performed with Molpro.1 The cc-pvDz-DK32
and cc-pvDz3 basis sets were used for Sm and B, respectively. We selected the sixth-order
Douglass-Kroll-Hess Hamiltonian4 to account for significant scalar relativistic effects beyond
the second order present in Sm systems. Motivation for our choices of basis set and order
of scalar relativistic correction can be found in a previous study of the SmB−6 cluster (Ref
33, main text). The potential energy surface of SmB+2 was modeled with Multi-reference
Configuration Interactions (MRCI) starting from the 8-SA-CASSCF(14o,9e) wave-function,
as implemented in the Molpro suite.5–8 For each point in the energy surface, we considered
the lowest doublet, quartet, sextet and octet A1, A2, B1 and B2 states. This data is provided
in Tables SI-SV. As a sanity check, we compared the MRCI energy in the two minima with
that provided by SO(8-SA-CASSCF(14o,9e)/NEVPT2).9 Spin-orbit effects were included
via the state interacting approach,10 that is, SO coupling was treated as a perturbation
using unperturbed (spin-free) zeroth-order wave-functions. In particular, we considered the
eight lowest-in-energy A1, A2, B1 and B2 quartet and sextet states in both minima. The
results are in agreement with the MRCI ones, the energy difference between both minima
being 10.3 meV. The optimized geometrical parameters are also very similar: for the first
minimum, the Sm–B and B–B distances are 2.14 A˚ and 1.61 A˚ with both methods. For the
second minimum, the Sm–B distance at the MRCI and NEVPT2 levels of theory are 2.25 A˚
and 2.27 A˚ respectively, and, in both cases, the B–B distance is 1.55 A˚. The optimized B2
length was computed at each Sm-B2 bond length by fitting a quadratic function to several
points sampled by the minimum. The [B2SmB2]
2+ cluster was modeled in several different
charges and states with a CASSCF(19o,12e)+DKH6. Because of the high symmetry and
many accessible electronic configurations, we found it necessary even for our qualitative
understanding to use an active space of this size.
It is important to confirm that our selected three-atom cluster does not ignore important
interactions in the solid. Namely, does the addition of more than one B2 unit change the
bonding. To check this, we model the [B2–Sm–B2]
2+ clusters 9A2 state. Optimized, we see
that Sm bonds covalently with one of the B2 units and is nearly non-interacting with the
other as evidenced by the Sm-B2bond lengths of 2.38 A˚ and 3.09 A˚ respectively. Considering
that in the solid the Sm is always found in at least a +2 state we can understand this result.
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A Sm coordinated to 3 B2 units (SmB6) will have donated electrons to two of its three
adjacent B2 units making them non-interacting. Knowing this, we return to our smaller,
more approachable, model to understand the intricacies of Sm-B2 bonding while remaining
confident that only one B2 interacts with a single Sm at a time.
DFT+U calculations have previously been used to successfully describe SmB6 and a range
of mixed valent semiconductors.11,12 So, for our exploratory plane wave DFT calculations, the
SmB6 solid was treated using VASP 5.2, PBE-D2+U (U=7.0 eV for Sm) and the PAW PBE
plane wave basis sets.13–16 For examining the differences between the homotopic samarium
atoms, a 1x1x2 super cell was calculated with a k-mesh of 3x1x3 and an energy cutoff of
318 eV.
The vertical electron detachment energies (VDE) of B−2 were computed at the ROCCSD(T)
level of theory,17 using the cc-pVTZ basis set,3 as implemented in the Gaussian09 package.18
Notice that the geometry optimization of B−2 was performed using the same method.
S5
S3. SmB+2 CLUSTER RESULTS
TABLE I. Energy (relative to the global minimum) and optimized B-B distance and ground state
symmetry as a function of the Sm-B2 distance.
d(Sm-B2) d(B-B) E(a.u.) ∆E(eV )
2.000 1.611 -10472.54024006 0.239
2.025 1.609 -10472.54322079 0.158
2.050 1.607 -10472.54553611 0.095
2.075 1.607 -10472.54722990 0.049
2.100 1.607 -10472.54834499 0.019
2.125 1.606 -10472.54892306 0.003
2.143 1.605 -10472.54902924 0.000
2.150 1.605 -10472.54900424 0.001
2.175 1.604 -10472.54862636 0.011
2.200 1.605 -10472.54782744 0.033
2.225 1.545 -10472.54840617 0.017
2.250 1.546 -10472.54885656 0.005
2.254 1.546 -10472.54888956 0.004
2.275 1.556 -10472.54862204 0.007
2.300 1.564 -10472.54839098 0.017
2.325 1.574 -10472.54747415 0.042
2.350 1.582 -10472.54622053 0.076
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TABLE II. Doublets energy (a.u.) as a function of the Sm-B2 distance (A˚).
d(Sm-B2)
2A1
2B1
2B2
2A2
2.000 -10472.5274683 -10472.5289491 -10472.5307758 -10472.5326172
2.025 -10472.5307351 -10472.5319490 -10472.5338625 -10472.5358904
2.050 -10472.5333094 -10472.5342771 -10472.5362731 -10472.5384689
2.075 -10472.5352371 -10472.5359739 -10472.5380517 -10472.5403998
2.100 -10472.5365630 -10472.5370872 -10472.5392433 -10472.5417284
2.125 -10472.5373327 -10472.5376634 -10472.5398921 -10472.5425004
2.143 -10472.5375670 -10472.5377664 -10472.5400439 -10472.5427346
2.150 -10472.5375875 -10472.5377395 -10472.5400350 -10472.5427551
2.175 -10472.5373664 -10472.5373523 -10472.5397106 -10472.5425330
2.200 -10472.5367079 -10472.5365361 -10472.5389525 -10472.5418708
2.225 -10472.5214622 -10472.5258276 -10472.5300100 -10472.5260687
2.250 -10472.5220984 -10472.5266024 -10472.5308624 -10472.5266024
2.254 -10472.5221929 -10472.5267283 -10472.5309716 -10472.5266853
2.275 -10472.5234747 -10472.5279938 -10472.5322566 -10472.5278816
2.300 -10472.5233718 -10472.5278417 -10472.5321630 -10472.5277463
2.325 -10472.5234768 -10472.5278726 -10472.5322310 -10472.5278000
2.350 -10472.5231505 -10472.5274679 -10472.5318627 -10472.5274316
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TABLE III. Quartets energy (a.u.) as a function of the Sm-B2 distance (A˚).
d(Sm-B2)
4A1
4B1
4B2
4A2
2.000 -10472.5306487 -10472.5304853 -10472.5327377 -10472.5353849
2.025 -10472.5337588 -10472.5334417 -10472.5357747 -10472.5385465
2.050 -10472.5361909 -10472.5357317 -10472.5381397 -10472.5410231
2.075 -10472.5379895 -10472.5373964 -10472.5398782 -10472.5428615
2.100 -10472.5391987 -10472.5384813 -10472.5410332 -10472.5441060
2.125 -10472.5398630 -10472.5390318 -10472.5416480 -10472.5448012
2.143 -10472.5400269 -10472.5391183 -10472.5417771 -10472.5449840
2.150 -10472.5400224 -10472.5390860 -10472.5417603 -10472.5449862
2.175 -10472.5397151 -10472.5386811 -10472.5414099 -10472.5447014
2.200 -10472.5389787 -10472.5378535 -10472.5406320 -10472.5439835
2.225 -10472.5432000 -10472.5418074 -10472.5454108 -10472.5484062
2.250 -10472.5436379 -10472.5422287 -10472.5458329 -10472.5488566
2.254 -10472.5436694 -10472.5422571 -10472.5458613 -10472.5488896
2.275 -10472.5434452 -10472.5419941 -10472.5455747 -10472.5486220
2.300 -10472.5431904 -10472.5417271 -10472.5453177 -10472.5483910
2.325 -10472.5422878 -10472.5407954 -10472.5443795 -10472.5474742
2.350 -10472.5410436 -10472.5395259 -10472.5431065 -10472.5462205
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TABLE IV. Sextets energy (a.u.) as a function of the Sm-B2 distance (A˚).
d(Sm-B2)
6A1
6B1
6B2
6A2
2.000 -10472.535524 -10472.533180 -10472.536750 -10472.540240
2.025 -10472.538439 -10472.536045 -10472.539678 -10472.543221
2.050 -10472.540696 -10472.538254 -10472.541946 -10472.545536
2.075 -10472.542339 -10472.539851 -10472.543597 -10472.547230
2.100 -10472.543408 -10472.540876 -10472.544674 -10472.548345
2.125 -10472.543948 -10472.541372 -10472.545216 -10472.548923
2.143 -10472.544029 -10472.541423 -10472.545298 -10472.549029
2.150 -10472.543996 -10472.541378 -10472.545265 -10472.549004
2.175 -10472.543590 -10472.540932 -10472.544855 -10472.548626
2.200 -10472.542768 -10472.540071 -10472.544028 -10472.547827
2.225 -10472.525227 -10472.527866 -10472.532359 -10472.528733
2.250 -10472.526029 -10472.528700 -10472.533208 -10472.529551
2.254 -10472.526129 -10472.528805 -10472.533316 -10472.529654
2.275 -10472.527675 -10472.530395 -10472.534864 -10472.531183
2.300 -10472.527383 -10472.530127 -10472.534628 -10472.530921
2.325 -10472.527461 -10472.530240 -10472.534735 -10472.531008
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TABLE V. Octets energy (a.u.) as a function of the Sm-B2 distance (A˚).
d(Sm-B2)
8A1
8B1
8B2
8A2
2.000 -10472.4787079 -10472.4742590 -10472.4716170 -10472.4747142
2.025 -10472.4821786 -10472.4778417 -10472.4743014 -10472.4776341
2.050 -10472.4755980 -10472.4797080 -10472.4763203 -10472.4716739
2.075 -10472.4797832 -10472.4838644 -10472.4805279 -10472.4759927
2.100 -10472.4834860 -10472.4875411 -10472.4842580 -10472.4798097
2.125 -10472.4884675 -10472.4936603 -10472.4928039 -10472.4873702
2.143 -10472.4907047 -10472.4947112 -10472.4918412 -10472.4877357
2.150 -10472.4914047 -10472.4954111 -10472.4925493 -10472.4884405
2.175 -10472.4937515 -10472.4977586 -10472.4949246 -10472.4908029
2.200 -10472.4958532 -10472.4998621 -10472.4970518 -10472.4929168
2.225 -10472.4923500 -10472.4964091 -10472.4936380 -10472.4894184
2.250 -10472.4939293 -10472.4979944 -10472.4952362 -10472.4909991
2.254 -10472.4941736 -10472.4982398 -10472.4954834 -10472.4912434
2.275 -10472.4975847 -10472.5016405 -10472.4988891 -10472.4946572
2.300 -10472.4979389 -10472.5020100 -10472.4992693 -10472.4950072
2.325 -10472.4994881 -10472.5035648 -10472.5008322 -10472.4965549
2.350 -10472.5021352 -10472.5080162 -10472.5079530 -10472.5019627
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TABLE VI. Natural populations for the f -orbitals in the active space for the different symmetry
and spin states of the SmB2+2 cluster. Notice that this cluster is the result of the vertical detachment
of one electron from the first minimum in SmB+2 potential energy surface. The relative energy of
the SmB2+2 states for this geometry is also provided
min1
2a1
2b1
3b1
2b2
4b2
1a2 ∆E(eV )
SmB+2 0.57 0.59 0.43 0.61 0.05 0.74 −−
3A1 0.50 0.01 0.49 1.00 0.49 0.51 0.385
3B1 0.09 1.09 0.01 1.00 0.01 1.00 0.275
3B2 0.43 0.90 0.56 0.43 0.04 0.57 0.171
3A2 0.46 0.96 0.55 0.45 0.03 0.54 0.298
5A1 0.47 0.01 0.52 1.00 0.53 0.47 0.308
5B1 0.02 0.92 0.01 1.00 0.01 1.00 0.215
5B2 0.44 0.93 0.56 0.43 0.04 0.56 0.102
5A2 0.45 0.96 0.56 0.44 0.04 0.55 0.218
7A1 0.42 0.01 0.59 1.00 0.59 0.42 0.196
7B1 0.01 1.00 0.02 1.00 0.02 1.00 0.121
7B2 0.44 0.96 0.56 0.44 0.04 0.56 0.000
7A2 0.94 1.00 0.06 0.01 0.05 0.94 0.108
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TABLE VII. Natural populations for the f -orbitals in the active space for the different symmetry
and spin states of the SmB2+2 cluster. Notice that this cluster is the result of the vertical detachment
of one electron from the second minimum in SmB+2 potential energy surface. The relative energy
of the SmB2+2 states for this geometry is also provided
min2
2a1
2b1
3b1
2b2
4b2
1a2 ∆E(eV )
SmB+2 0.59 0.59 0.44 0.61 0.05 0.74 −−
3A1 0.94 0.06 0.02 1.00 0.06 0.94 0.339
3B1 0.01 0.85 0.02 1.00 0.01 0.99 0.172
3B2 0.42 0.89 0.57 0.42 0.04 0.58 0.070
3A2 0.38 0.98 0.59 0.62 0.00 0.38 0.193
5A1 0.94 0.06 0.02 1.00 0.06 0.94 0.140
5B1 0.01 0.99 0.02 1.00 0.01 0.99 0.215
5B2 0.44 0.96 0.57 0.43 0.04 0.56 0.088
5A2 0.47 1.00 0.53 0.53 0.00 0.47 0.000
7A1 0.42 0.01 0.58 1.00 0.58 0.42 0.396
7B1 0.03 1.00 0.02 1.00 0.01 1.00 0.315
7B2 0.45 0.96 0.56 0.44 0.04 0.55 0.188
7A2 0.94 1.00 0.06 0.01 0.06 0.94 0.300
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S4. ANALYTIC MODEL
We now describe an analytic model which allows us to directly join the cluster model
with the bulk thermodynamic properties of the solid.
The first step is to recognize the cluster’s quartic-like inter-atomic potential as two dis-
tinct harmonic potentials with a weak interaction (nearly diabatic). Examining our cluster
calculation for some reassurance that the minima are distinct, we approximate the zero
point energies (ZPE) associated with the Sm-B2 motion using a quadratic fit to the ground
state minima. The lower energy minimum has an estimated ZPE of about 3.4 ceV and the
higher energy minimum has an estimated ZPE of about 3.2 ceV. Both of these values are
acceptable for considering the minima as distinct. (We take these estimates as higher than
the true ZPEs as inclusion of anharmonic corrections will lower the values.) Additionally,
The high mass of the boron dimer ensures that the harmonic oscillator wavefunction drop
off rapidly away from equilibrium, so we can neglect any boron tunneling between the two
ground states. It’s important to consider the two wells independently because only then can
we discuss a distinct oxidation state.
We continue with our diabatic-like approximation and assume that the timescale of
switching between wells is much slower than the timescale for thermalization within a single
well because of the significant jump of B2 length between the two minima.
Because of this timescale separation, each harmonic oscillator has its own well-defined
average energy given by the standard relation:
〈E〉 = ~ω±
(
1/2 + (exp (~ω±β)− 1)−1
)± /2 (S1)
Here,  is the difference between the minima, β is the inverse temperature, and ω± is the
frequency of the upper / lower oscillator.
Considering transitions between wells we can treat the whole system as a two state
system where each state has an energy given by equation S1. We are mostly interested in
the energy difference between the two wells and because the two frequencies are very similar,
this difference is approximately given by .
Considering the bulk solid as an ensemble of these two state clusters, states allows us to
write temperature dependent expression for the average valence.
V (T ) =
2.5d+ 3 exp (−β)
d+ exp (−β) (S2)
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This was only possible because we are working with states that have a unique Sm valence
state. Were we to work with adiabats instead, this simple expression would not be possible.
We use the standard β = (kbT )
−1, and we set d to the degeneracy of the lower level allowing
it to vary in our expression rather than setting it to four like in figure 2A. This serves a
validating purpose; it’s a parameter that ought to be nearly four when fit with experimental
valency data. We similarly expect the experimentally fit  to agree with the cluster’s energy
difference.
One byproduct of our simplified model is that while we know that the motion of a dimer
causes reduction of oxidation of the metal, the uncorrelated two state system does not
provide insight into interactions between multiple clusters. For instance, this approach does
not account for interactions between sites. Rather than conjecturing here, we instead adopt,
consistent with experimental data, a Sm average valence starting point of +2.5.
It is straightforward to calculate the excess specific heat provided by the two-level sys-
tem. Similarly, CvT
−1 is easily derivable and we arrive at a slight variant on the textbook
expression.
dS
dT
=
1
T 3
d2 exp(β)
kb (1 + d exp (β))
2 (S3)
In its current form, equation S3 is not directly comparable with experiment because there
are a host of phonon modes in the solid which contribute to the specific heat. The well known
specific heat profile of LaB6 (a solid with a nearly identical crystal structure) allows us to
extract all of the contributions we are not interested in. The only difference that we need
to correct for doing this is the slight mass difference between Sm and La. Scaling equation
S3 by some degeneracy (α), adding the mass-scaled (β) specific heat of LaB6, and adding a
zero-temperature constant (γ) generates an equation that we can fit to experimental data.
dS
dT
(SmB6) = α
dS
dT
() + β
dS
dT
(LaB6) + γ (S4)
As seen in main text Figure 4D, the optimized parameters have clear physical meanings.
α is the degeneracy of the total cluster systems ground state surface, and β is roughly the
scaling of masses between Sm and La.
Finally, to establish a connection between epsilon and the pressure we take epsilon to be
a function of the average valence and manipulate equation S2 to write an expression for the
change in k−1b T
−1.

kbT
= − ln
(
V d− d(2.5)
3− V
)
(S5)
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S5. PHENOMENOLOGICAL BAND MODEL
In the main text we briefly discussed the possibility that this model has the components to
explain the interesting field effects (namely, quantum oscillations) experimentally observed
in SmB6. Quantitative theoretical exploration of the quantum oscillations is suitable for
further study in its own right, so we will not delve too deeply into this. However, here we
present justification for that claim and propose a microscopic Hamiltonian consistant with
our model of the solid.
We start with a general overview of how quantum oscillations can appear to begin with.
In a “normal” system, it should not be possible to generate non-monotonic magnetization as
a function of an applied field without violating thermodynamics – magnetization measures
the net alignment along the applied field, and it takes energy to move a magnetic spin away
from the preferred field direction. This energy increases with the field, so the net alignment
can never go down as the field increases.
The picture we have proposed for SmB6 is not a “normal” situation, and the key feature
of our model is that there are two energy minima spaced within an energy such that a
magnetic field of the order of Teslas can reverse the ordering of their energies. Additionally,
every minimum has a different magnetic ordering and g factor. Within each minima the
typical responses to applied fields are preserved (i.e. states with magnetism aligned with
field decrease in energy with bigger fields), but the additional degree of freedom allowing
each Sm to switch between minima, results in non-monotonicity of the magnetization.
This last statement can be derived by recognizing that magnetization is proportional to
the derivative of Helmholtz free energy (F = U − TS) with respect to the applied magnetic
field.
M = −
(
∂F
∂B
)
T
(S6)
The key ingredient to having oscillations in M is for the energy splittings not be strictly
linear in the applied magnetic field (cf. what happens in atoms in the presence of the
spin-orbit interaction). This readily happens in this model as the applied field induces level
crossings and, critically, avoided level crossings between the different allowed states as a
function of magnetic field.
We have thus far laid out that some form of coupling between the states must exist to
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produce the effects seen experimentally. To go further into this phenomenology it is necessary
to propose a microscopic Hamiltonian consistent with our model. This Hamiltonian should
be composed of two spin lattices (one for each minima) coupled to each other based on their
dynamical occupations (i.e. each site must be in one minima or the other and not both). For
the quantum oscillations measurements, an external magnetic field is added in the standard
way. Because the higher energy (+) and lower energy (0) minima are predominantly 4A2
and 6A2 respectively, we consider one lattice to be made of spin 5/2 particles and the other
to be made of spin 3/2 particles. Each site is coupled to its neighbors by an exchange term
Jij. Because only one spin exists on a site at a time, there is no coupling between spins on
the same site.
These observations result in the following Hamiltonian for SmB6:
Hˆ =
∑
i
nˆi −
∑
i
~B ·
(
nˆi~S
(3/2)
i + (1− nˆi)~S(5/2)i
)
−
∑
〈i,j〉
Jij
(
nˆi~S
(3/2)
i + (1− nˆi)~S(5/2)i
)
·
(
nˆj ~S
(3/2)
j + (1− nˆj)~S(5/2)j
) (S7)
Here, we denote the spin operators for these two particles on a specific spatial site i as
~S
(3/2)
i and
~S
(5/2)
i . We also use the fermionic number operator nˆi to signify the number of
particles (either 0 or 1) in the s=3/2 state of ith site. We additionally have the constraint
that each site must have a particle in either in the s=3/2 lattice or the s=5/2 lattice. Using
the expression (1− nˆi) in place of a number operator for the second lattice trivially enforces
this constraint.
This Hamiltonian is highly non-trivial to solve (even in the absence of an applied field),
containing a dynamical exchange interaction. It is a worthy theoretical challenge on its
own. Nonetheless, we can extract some reassurance of it’s physical description of SmB6
by inspection of its form. First, it has all the right pieces to allow for oscillations in the
magnetization because of the spin-spin coupling between adjacent sites. Second, it also has
the potential to predict a mixed-valent ground state when the exchange interaction J is
negative and more destabilizing than the energy splitting of the clusters.
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S6. DISCUSSION ON THE RELATIONSHIP OF THE SmB6 MODEL TO
OTHER RARE-EARTH HEXABORIDES AND DODECABORIDES
How and why could the discovered vibronic structure of SmB6 relate to that of other
rare-earth hexaborides? They all have the same cubic structures, but dramatically varying
properties.19–37 For example, EuB6 and SmB6 both have an anomalous peak in the specific
heat, while for LaB6 no such peak exists. T and p-sensitive magnetization, resistivity, and
electronic phase transitions have been seen also in EuB6, GdB6, PrB6, and YbB6. GdB6,
and PrB6 have easily accessible structural distortions. These observations resonate with
different structural and electronic aspects of the SmB6 model. It is likely that the types
and strengths of the B-B and M-B bonds that these hexaborides can afford are the unifying
factors governing their similarities and differences. For example, the radius of the rare-earth
atom influences the lattice size, and thus the B-B separation in the dimers and the strength
of the σ(pz)-bond. The number of available f -electrons in the rare-earths may play a role
in strengthening or weakening the interaction with the boron (Ref 25, main text). Both
effects would impact the accessibility of the possible bonded M-B/B-B states, the energy
splitting between them, and the vibronic couplings, which could be the building blocks of
a unifying model for the entire hexaboride series. Similar phenomenology has also recently
been reported in YbB12.
38,39 Here, too, a similar kind of mixed valency is likely in play,40 but
with a more complex fundamental unit than a B2 dimer, beyond the reach of the present
computational tools.
S7. RAMAN SPECTROSCOPY
A. Phonon line shapes
In the absence of electron-phonon coupling and disorder a line shape of a phonon is
typically described by a Lorentz function, while disorder in a system leads to a change of
phonon line shapes to Gaussian function.41 The width (typically defined as width at half
maximum) of an observed phonon with a frequency is determined by disorder, if it is
present, and a thermal population of the phonon levels with ωph = ω/2 through scattering
on which the non-radiational decay of the excited phonons states occurs.42 It follows the
general formula Γ (T, ω) = ΓD + A
(
2nB
(
ω
2
)
+ 1
)
, where ΓD is a temperature independent
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term defined by disorder.
The coupling of the A1g phonon of SmB6 to a continuum of interband electronic exci-
tations results in a so-called Fano line shape of the phonon. This asymmetric line shape
is a result of an interaction of a phonon mode with a background continuum, and can be
described by an empirical formula F (ω, ωF ,ΓF , q) =
1
ΓF q2
[q+α(ω)]2
1+α(ω)2
, where α(ω) = ω−ωF
ΓF
, q is
an empirical coupling parameter between the phonon and the electronic background.43,44
B. Intensities of the features around 20meV
FIG. S3. Intensities of the features which appear due to electron-phonon coupling as a result of
valence fluctuations in the region of 20 meV. Intensity of the narrow phonon feature is shown in
red, intensity of the exciton-polaron feature is shown in black.
C. Experimental Details
Raman scattering was performed for freshly cleaved surfaces of single crystals of SmB6.
Orientation of measured crystals and surfaces was based on XRD and confirmed by mea-
surements of polarized Raman scattering. Low temperature measurements were performed
using cold finger cryostat. To prevent heating of the sample, laser power was kept below 10
mW for a laser spot of approximately 100µm × 50µm.
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